This study shows a mechanism for the increase of signal transducer and activator of transcription 1 (STAT1) in Epstein-Barr virus-immortalized cells. Latent membrane protein 1 (LMP-1) expression was sufficient to induce STAT1 expression, DNA binding, and transcriptional activity. LMP-1-expressing cells can induce an increase in STAT1 expression in LMP-negative cells in the same culture, suggesting an indirect regulation of STAT1 expression. The increase in STAT1 expression is mediated by the C-terminal activating region 1 (CTAR-1) and/or CTAR-2 domains of LMP-1 and is inhibited by mutant IB, demonstrating a role for NFB in LMP-1-mediated STAT1 expression.
Constitutive STAT activation has been detected in a wide variety of human cancers, including Epstein-Barr virus (EBV)-associated tumors, implicating these molecules in tumor formation and progression. Immunohistochemical analysis has demonstrated the constitutive activation of STAT members 1, 3, and 5 in nasopharyngeal carcinoma tumors (10) . Furthermore, a recent study has demonstrated constitutive STAT3 activation in the malignant cells of Hodgkin's disease (22) . STAT proteins might promote oncogenesis through regulating the expression of genes encoding proteins involved in cell cycle progression and/or apoptosis-Bcl-X L , cyclin D1, and c-Myc (4) . For example, interfering with STAT3 activation by inhibition of the interleukin-6 signaling pathway decreases the expression of Bcl-X L and leads to apoptosis (9) . Dominant-negative forms of STAT3 protein have been shown to block transformation of fibroblasts by the Src oncoprotein (7) and to significantly inhibit tumor growth and tumor regression in syngeneic mice (24) . The observation that STATs 1 and 3 are constitutively activated in EBV-positive lymphoblastoid cell lines (LCLs), but not in EBV-negative Burkitt's lymphoma (BL) cell lines (28) , implies that EBV genes contribute to constitutive STAT activation. Recent studies suggest that STAT1 actually has growth-inhibitory effects (6, 8, 11) . However, in cells in which STATs 1, 3, and 5 are simultaneously activated, the proproliferative properties of STATs 3 and 5 potentially predominate the antiproliferative activity of STAT1 (4). Relatively little is known about the mechanisms regulating STAT proteins in lymphoid tumors associated with EBV infection.
Two sets of B-cell lines were chosen in which to analyze STAT proteins. The two sets are essentially genetically identical and differ primarily in their patterns of EBV gene expression. The first set consists of BL41, BL41ϩB95.8, and IARC-171 (26) . BL41 is an EBV-negative BL line. BL41ϩB95.8 is the same line after infection with the B95.8 strain of EBV. IARC-171 is an EBV-immortalized LCL derived from the same patient as BL41. The second set consists of Mutu I and Mutu III (16) . These are two sublines from an EBV-positive BL tumor. Mutu I expresses only the EBNA1 viral protein, a limited viral protein expression termed latency I. Mutu III, like BL41ϩB95.8 and IARC-171, expresses the full array of EBV latent genes-EBNA1, EBNA2, EBNA 3A, EBNA 3B, EBNA 3C, EBNA-LP, latent membrane protein 1 (LMP-1), and LMP-2. This expression is termed latency III (25) . We investigated STAT1, -3, and -5 protein levels. Protein expression was investigated by resolution of total cell lysates on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by Western blotting and antibody detection. A representative result is shown in Fig. 1A , illustrating STAT1, -3, and -5 expression in the two sets of lines. Higher levels of expression of all three STATs can be seen in Mutu III than in Mutu I. STAT1 expression was increased in BL41ϩB95.8 and IARC-171 compared to that in BL41 itself. This suggests that latency III viral gene expression promotes expression of STAT proteins.
STAT activity is regulated by changes in STAT DNA binding. We investigated STAT DNA binding in nuclear extracts from the BL41, BL41ϩB95.8, and IARC-171 cell lines by affinity purification. This is a nonradioactive measurement of STAT DNA binding. Nuclear extracts were prepared, and the STAT DNA binding proteins were precipitated using a biotinylated, double-stranded Fc␥R1-GAS (GRR) oligonucleotide, which corresponds to a STAT consensus sequence, and avidin agarose beads (1) . After incubation of the nuclear extracts with the oligonucleotide coupled to the beads, the DNA binding proteins were precipitated by centrifugation. The beads were then washed to remove nonspecific interactions. The DNA binding proteins were removed from the beads by boiling in SDS loading buffer and analyzed by SDS-PAGE and Western blotting. Experiments were performed to establish the binding specificity of STAT proteins to the GRR DNA sequence (data not shown). Figure 1B illustrates a representative result from this experiment. Analysis of DNA binding levels in BL41ϩB95.8 and IARC-171 reveals higher levels of STAT1 nuclear DNA bind-ing than those seen with the EBV-negative BL41 cell line. STAT1 DNA binding patterns, similar to that observed in the IARC-171 cell line, were also observed in two other LCLs and the Mutu III cell line (data not shown). Subtle differences in STAT3 DNA binding were detected, but these were not as large as the differences in that of STAT1. STAT5 DNA binding was not observed in the BL41, BL41ϩB95.8, or IARC-171 cell lines but was observed in the Kit225 cells that were used as a positive control. A recent study has shown that STAT5 is not constitutively activated in spontaneous LCLs derived from posttransplant lymphoproliferative disease patients (23a). This is consistent with the lack of nuclear STAT5 binding to DNA in the BL41ϩB95.8 and IARC-171 cell lines. The DNA affinity precipitation results demonstrate high levels of STAT1 DNA binding in latency III cell lines, indicative of higher levels of STAT1 transcriptional activity in latency III cell lines.
One of the critical proteins expressed during EBV latency is LMP-1, which has been shown to be essential for EBV-induced transformation of primary B cells (18, 21) . We sought to determine whether EBV latent gene LMP-1 can modulate STAT1 expression and STAT1 nuclear DNA binding. An EBV-negative tumor B-cell line, DG75 (2), was transiently transfected with 3 g of LMP-1 expression vector (17) . At 48 h posttransfection, total lysates were generated and analyzed for STAT1 protein levels. DG75 cells transfected with 3 g of LMP-1 demonstrated elevated levels of STAT1 expression compared to those seen with control transfections (Fig. 2A) . The expression levels of LMP-1 following the transfection were determined ( Fig. 2A, lower panel) . STAT activity was also investigated following transient transfection. A synthetic STAT reporter was cotransfected with various amounts of an LMP-1 expression vector. The STAT reporter used contained five copies of the Fc␥R-Gas (GRR) STAT consensus sequence, the same sequence utilized for the DNA affinity precipitation, upstream of a luciferase gene. After 18 h, cells were harvested and lysed and luciferase levels were assayed. Figure 2B shows that the presence of LMP-1 was sufficient to induce STAT activity in DG75 cells. This finding is similar to data seen with other cell systems (5, 14) .
The ability of LMP-1 to regulate STAT1 activity, as measured by nuclear DNA binding, was also tested using two LMP-1-expressing stable transfectants of BJAB, an EBV-negative B-cell lymphoma cell line (27) (Fig. 2C) . The BJAB cell lines stably expressing LMP-1 demonstrated increased nuclear STAT1 binding to DNA compared to control cell lines. Further studies using DG75 cells with tetracycline-regulatable LMP-1 expression (15) also displayed elevated STAT1 nuclear DNA binding in the presence of LMP-1 expression (data not shown). The data from this set of experiments demonstrate that LMP-1 is sufficient alone to cause an increase in STAT1 expression, STAT activity, and STAT1 DNA binding.
The cytoplasmic tail of LMP-1 contains two effector domains, termed C-terminal activating region 1 (CTAR-1) and CTAR-2, through which the majority of known LMP-1 signaling is mediated (13) . LMP-1 AAAG contains four point mutations, three in the CTAR-1 domain and one in the CTAR-2 domain, which render it defective in activating nuclear signaling pathways (5). DG75 cells were transiently transfected with either 3 g of LMP-1 or 3 g of LMP-1 AAAG and were analyzed for STAT1 protein levels at 48 h posttransfection (Fig.  3A, upper panel) . LMP-1 AAAG was unable to increase STAT1 expression. The LMP-1 blot analysis revealed approximately equal quantities of LMP-1 and LMP-1 AAAG in duplicate transfections (Fig. 3A, lower panel) . From these data, we can con- Protein loading was monitored by actin protein detection using an actin-specific antibody (A-2066; Sigma). (B) Using a DNA affinity precipitation assay, STAT DNA binding was measured from nuclear extracts of the BL41, BL41ϩB95.8, IARC-171, and Kit225 cell lines. Typically, nuclear extracts from 20 million cells were used for these experiments. Nuclear proteins were incubated (in conditions of 4°C and 80 min with rotation) with 1 g of 5Ј biotinylated, double-stranded oligonucleotide derived from the Fc␥R1-GAS (GRR) (GTATTTC CCAGAAAAGGAAC) and 30 l of prewashed streptavidin-conjugated agarose beads (50% slurry in phosphate-buffered saline, 0.05% sodium azide) (s-1638; Sigma) to identify DNA binding proteins. The underlined portion of the oligonucleotide represents the STAT consensus sequence. DNA binding proteins were separated by SDS-PAGE and analyzed by Western blotting using antibodies specific to STAT1, STAT3, and STAT5 proteins. Total lysates of the positive and negative fractions were prepared and analyzed for LMP-1, STAT1, and tumor necrosis factor receptor-associated factor 1 (TRAF-1) protein levels. Total lysates of the BL41 and IARC-171 cell lines were included in the Western blotting experiment as negative and positive controls, respectively. Figure 4 illustrates a representative result from this experiment. The results of the LMP-1 blot analysis demonstrate the purity of the sort, which was also monitored by flow cytometric analysis of gated live cells for rCD2-EGFP (20) expression, demonstrating approximately 70% sort purity for transfected cells and more than 95% sort purity for nontransfected cells (data not shown). Both the SG5-positive and -negative DG75 sorted populations contained equal, basal quantities of STAT1. The LMP-1-positive DG75 sorted population displayed an increase in STAT1 protein expression compared to the SG5-positive DG75 sorted population. Of particular interest was the LMP-1-negative DG75 sorted population, which also displayed elevated STAT1 expression. This observation provides evidence that LMP-1 increases STAT1 expression via indirect mechanisms. The TRAF-1 blot was included in this experiment as an important control. TRAF-1 has previously been shown to be upregulated via LMP-1-mediated NFB activation (12) . This experiment shows that TRAF-1 gene expression is regulated directly. This is in contrast to LMP-1 upregulation of STAT1 expression. From this experiment we can deduce that LMP-1-expressing cells can induce LMP-1-negative cells in the same culture to increase STAT1 protein expression.
We have performed coculture studies in which LMP-1-positive cells were physically separated from LMP-1-negative cells, allowing only the passage of soluble factors such as cytokines between the two populations. Alpha interferon was used as a control for the experiment, and it strongly induced STAT1 expression in LMP-1-negative cells (data not shown). However, LMP-1-expressing cells were not able to upregulate STAT1 protein levels in the LMP-1-negative population when they were physically separated. Although it is possible that local production of cytokines is involved in the increased STAT1 expression, these data suggest that a physical cell-cell interaction is required. LMP-1 increases the expression of various cell surface molecules in an NFB-dependent fashion (12, 23) . However, the identity of the molecules that regulate this indirect STAT1 expression remains to be elucidated.
The powerful effects of the presence of LMP-1 on STAT1 expression suggest that an investigation of STAT1 function during EBV immortalization is an important next step in elucidating the role of this transcription factor in EBV-associated malignancy. To continue the work performed in this study, a dominant-negative STAT1 protein is to be used to investigate STAT1 effects on LMP-1-regulated genes. Some genes known to be regulated by LMP-1, such as HLA, are also regulated by gamma interferon, which activates STAT1 (3). Identification of STAT-dependent LMP-1-regulated genes might pinpoint mechanisms by which STAT proteins influence oncogenesis in EBV-associated tumors. 
